Background: PACAP induces neuronal differentiation in PC12 cells via multiple pathways that are not fully delineated. Results: PACAP elicits c-Rel nuclear translocation via ERK1/2 stimulation and Ca 2+ mobilization to induce cell survival and neuritogenesis. Conclusion: PACAP promotes PC12 cell survival and neuritogenesis by activating NF-B signaling. Significance: A novel molecular target of PACAP signaling during PC12 cell differentiation has been characterized.
nervous system (CNS) neurons, it has been shown that the neuropeptide pituitary adenylate cyclase-activating polypeptide (PACAP) also exerts multiple neurotrophic functions. PACAP affects neuronal cell cycle exit during CNS formation (2) , promotes neuronal differentiation in cultured rat sympathetic neuroblasts (3) , and stimulates neuritogenesis (4) . PACAP prevents apoptotic cell death and protects cultured rat cerebellar and cortical neurons against cytotoxic insults (5) (6) (7) . While neurotrophins exert their effects through receptor tyrosine kinases (8) , PACAP acts via two types of G protein-coupled receptors: a PACAP selective receptor, PAC1-R, and two PACAP/vasoactive intestinal polypeptide mutual receptors, VPAC1-R and VPAC2-R (9). These receptors have been shown to activate different signal transduction pathways via cyclic AMP (cAMP) elevation and calcium (Ca 2+ ) mobilization, leading to stimulation of several protein kinases, such as protein kinase A (PKA) and the MAP kinases ERK1/2, which in turn induce or repress transcription of genes associated with cell growth and differentiation (10, 11) . PACAP has been shown to induce growth arrest and to promote survival and neuritic extension in PC12 cells (12) , thus offering a paradigm to study the signaling cascades leading to neuronal differentiation induced by a ligand of G protein-coupled receptors.
In previous studies aimed at characterizing the phenotype of PACAP-differentiated PC12 cells, we identified genes and gene families potentially involved in the pleiotropic effects of the neuropeptide PACAP in neuronal development, neuroprotection and neurotransmission (13) . These microarray studies revealed that among the genes activated during PACAP-induced neuronal differentiation, the expression of nuclear factor kappa B 2 (NF-B2) gene coding for p100/p52 subunit of NF-B transcription factor was significantly increased. While the NF-B pathway has been implicated in the neurotrophic effects induced by receptor tyrosine kinase activation (14) (15) (16) , our finding was intriguing since no report had previously described the direct implication of NF-B pathway in G protein-coupled receptor signaling or in the neurotrophic effects of neuropeptides such as PACAP.
The transcription factor NF-B was best studied for its involvement in inflammation and immune responses (17) , but it is also widely expressed in the CNS where it can promote neuronal survival and protection from toxic insults (18, 19) . It has also been implicated in adaptive responses to neuroinflammatory conditions and neurodegenerative disorders (20) . Many effects mediated by NF-B in the nervous system are reminiscent of those of PACAP, suggesting that the neuropeptide may stimulate specific but yet uncharacterized signal transduction cascades ultimately involving activation of this transcription factor, which would lead to induction of different aspects of neuronal differentiation and protection. In order to test this hypothesis and to decipher the molecular mechanisms involving NF-B, we studied the activation and role of the five members of the NF-B family, i.e. RelA (p65), RelB, c-Rel, p50 and p52 subunits during PACAP-induced PC12 cell differentiation. We used a multi-level approach to characterize the role of NF-B subunits in cell survival and neurite outgrowth, two prominent features occurring during cell differentiation induced by PACAP. Given the known signaling pathways implicated in the trophic effects of the neuropeptide (10, 11) , we targeted specific transduction cascades that could be linked to NF-B in neuronal cells. Our data presented below unveils a novel aspect of PACAP signaling through activation of ERK1/2 MAP kinases and Ca 2+ to recruit c-Rel and p52 subunits of NF-B in order to promote neuronal cell survival and neuritogenesis.
after plating, differentiation of PC12 cells was initiated by adding 100 nM of PACAP38.
Cell Viability AssayViable cell number was assessed using the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay. Briefly, PC12 cells cultured in 100 µL of medium in 96-well culture plates were incubated with 10 µL of phosphate-buffered saline (PBS) containing 5 mg/ml MTT for 4 h at 37 °C in 5% CO 2 atmosphere. Then, 100 µL of a solubilization solution of 50% N,N-dimethylformamide and 20% sodium dodecyl sulfate (SDS), pH 4.7, was added to the culture medium, and the plates were incubated at 37 °C overnight. The absorbance was then recorded using a microplate reader Bio-tek FL 600 (Bio-tek, Illkirsh, France). Specific optical density (ΔOD570-750) for the MTT product was obtained by subtracting the OD value at 750 nm from that at 570 nm, reflecting the number of viable cells.
Assessment of Caspase-3-Like Activity Caspase-3-like activity in cell culture was measured using an Apo-ONE Homogeneous Caspase-3/7 Assay Kit (Promega) according to the manufacturer's instructions. Briefly, cells (4x10 4 cells/well) in poly-L-lysine coated 96well plates (Corning, NY, USA) were rinsed twice with PBS and incubated in the presence or absence of the different effectors in DMEM (50 µL) at 37 °C in 5% CO 2 atmosphere. Cells were then homogenized in 50 µL of Homogeneous Caspase-3/7 Buffer containing the caspase-3 substrate Z-DEVD-rhodamine 110, and the fluorescence intensity (excitation at 498 nm and emission at 521 nm) was measured in cell lysates during 3 h, using a Flexstation II spectrofluorophotometer.
Neurite Outgrowth MeasurementPC12 cells cultured in 6-well culture plates were observed under a macroconfocal Leica TCS LSI microscope (Leica, Germany). Neurite analysis was performed using ImageJ software (National Institutes of Health, USA). Neurite outgrowth was evaluated by calculating the number of processes per cell and measuring neurite length. Neurite was defined as a cell process > 10 µm.
Real-Time Polymerase Chain ReactionTotal RNA was isolated from PC12 cells using the Tri-Reagent (Sigma-Aldrich). Approximately 1 μg of total RNA was reverse-transcribed using the ImProm-II™ Reverse Transcription System (Promega). One tenth of the reaction mixture was used to quantify RelA, c-Rel, p52 and p50 expression by real-time PCR. Gene-specific forward and reverse primers were designed using the Primer Express software (Applied  Biosystems)  as  follows:  5'-CTTCTGGGCCATATGTGGAGA-3'  and  5'-TCGCACTTGTAACGGAAACG-3' for the  RelA  gene,  5'-CTTCCTGATGAACATGGTAACTTCA-3' and  5'-GGGCACGGTTGTCGTAAATC-3' for the  c-Rel gene, 5'-AGCACCAAGACCGAAGCAA-3' and 5'-TTATCCTGAAACCCCACATCCT-3' for the p50 gene, 5'-CCAAGGACATGACTGCTCAATTTA-3' and 5'-TGAATCATAATCTCCATCATGTTCTTC-3'
for the p52 gene, and, 5'-AACTCCCTCAAGATTGTCAGCAA-3' and 5'-TGGTCATGAGCCCTTCCA-3' for the glyceraldehydes-3-phosphate dehydrogenase (GAPDH) used as a reference gene. Real-time PCR was carried out in SYBR Green® PCR Master Mix in the presence of 300 nM specific primers, using an ABI Prism 7000 apparatus (Applied Biosystems). The relative efficiency of the amplification of each gene was assessed, and the amounts of each mRNA were determined by normalizing against GAPDH mRNA levels using the comparative Ct method as described by the apparatus manufacturer (Applied Biosystems).
ImmunocytochemistryPC12 cells cultured on coverslips in 12-well culture plates were washed twice with ice-cold PBS, fixed in a paraformaldehyde solution (4% w:v) for 15 min then permeabilized with a Triton X-100 solution (0.1% Triton X-100 in PBS) for 20 min. After a saturation step of 1 h in BSA at 1 mg/ml in PBS, cells were incubated overnight at 4 °C with primary antibodies directed against RelA, c-Rel, RelB, p50 or p52 subunits of NF-B (1:200 dilution, Santa Cruz Biotechnology, Heidelberg, Germany). Immunodetection was revealed with FITC-conjugated goat anti-rabbit immunoglobulin G (1:300 dilution), and nuclei were visualized by DAPI staining (1 pg/ml, Sigma). After mounting, fluorescence was analyzed using a Leica TCS SP2 confocal microscope (Leica, Germany). For each staining analysis, three fields were selected. Before acquisition, we used a z stacking to select a z section containing the plain nucleus as visualized by DAPI staining. This method permits to avoid measurement of fluorescence of z sections located above or below the nucleus during analysis. For all images of the same experiment, the acquisition settings were unchanged except the z parameters. For each field, images of DAPI and NF-B subunit stainings were acquired with the confocal microscope. The two images obtained were used to create layer masks of nuclear and cytoplasmic NF-B staining thanks to the image treatment software GNU Image Manipulation Program (GIMP, freely available at www.gimp.org). The DAPI staining layer mask was used to define the nuclear region of interest by eliminating all regions except nuclear staining in the NF-B staining layer mask. The DAPI layer mask was subtracted from the NF-B layer mask to create a staining mask defining the cytoplasmic region of interest. This technique adapted from a procedure described by Noursadeghi et al. (22) was used to separate nuclear and cytoplasmic stainings within each image allowing thus to avoid measurement of fluorescence crosscontamination. The fluorescence of each region of interest was measured using the ImageJ software (NIH).
Western Blot Analysis Antibodies against phospho-ERK1/2 and Lamin-A were respectively obtained from Cell Signaling Technology (Saint-Quentin-en-Yvelines, France) and Sigma-Aldrich. For cell fractionation, cytoplasmic and nuclear fractions were prepared by using NE-PER® nuclear and cytoplasmic extraction kit (Thermo Scientific, Courtaboeuf, France) according to the manufacturer's protocol. For whole protein analysis, PC12 cells cultured in 6-well plates (10 5 cells/well) were lysed in a buffer containing 10 mM Tris-HCl, pH 7.4, 0.05% Triton X-100, and 1 mM phenylmethylsulfonyl fluoride. After centrifugation (12,000 g, 15 min), the supernatant was precipitated with 10% trichloroacetic acid and the whole protein precipitate was washed by ethanol/ether (v/v) and dissolved in electrophoresis-denaturing buffer. In all extracts, proteins were quantified by the Bradford assay (Bio-Rad, Marnes-la-Coquette, France) to ensure loading of equivalent amounts from all samples. Extracts were separated by SDS-polyacrylamide gel electrophoresis followed by electrotransfer onto nitrocellulose membranes (Amersham Pharmacia Biotech). The different proteins were detected using the appropriated polyclonal antibody (1:1000 dilution) followed by horseradish peroxidase-conjugated secondary antibodies (1:5000). The antigen-antibody complexes were visualized by the chemiluminescence ECL Western blotting analysis system (Amersham Pharmacia Biotech) and exposure to Kodak X-OMAT films (Sigma-Aldrich). Signals were quantified using ImageJ software (NIH). siRNA transfectionPC12 cells were transfected with siRNA (Qiagen, Courtaboeuf, France) by using the Amaxa Nucleofector system and the Cell Line Nucleofector kit V electroporation method (Lonza, Switzerland) according to the manufacturer's protocol (program U-029). To assess the efficiency of siRNA-induced knockdown, mRNA levels of the target genes were determined by real-time quantitative PCR.
Statistical AnalysisResults were expressed as means ± standard error of the mean (SEM). Statistical significance was assessed through the nonparametric Mann-Whitney test and the Student's t-test. A probability level of p values <0.05 was considered statistically significant.
RESULTS
NF-B is required for PACAP-induced PC12 cell differentiationIn order to determine the role of NF-B in PACAP-induced PC12 cell neuronal differentiation, we evaluated the effect of PS-1145, a specific blocker of the kinase inhibitor of kappa B (IB) kinase (IKK)-1 and IKK-2 which are responsible for activation of NF-B signaling, on two major events occurring during this process, i.e. cell number increase and neurite outgrowth stimulation (21, 23) . The MTT assay revealed that the PACAP-elicited increase in the number of living cells is prevented in the presence of PS-1145 (10 µM) ( Fig. 1A) . It is noteworthy that PS-1145 exerted a strong inhibitory effect on PC12 cell survival in basal condition ( Fig. 1A ), in accordance with previous reports showing the importance of NF-B activity for neuronal survival (18, 24) . Analysis of caspase 3/7 activity showed that PS-1145 (10 µM) reverted the inhibitory action of PACAP (100 nM) on these pro-apoptotic enzymes (Fig. 1B) . In line with the PS-1145induced decrease in cell number in basal condition, the NF-B blocker stimulated caspase 3/7 activity in PC12 cells (Fig. 1B) . These data indicate that NF-B pathway plays an important role in basal as well as PACAP-stimulated neuronal survival by inhibiting caspase activity, and thereby apoptosis.
We next investigated whether NF-B pathway could be involved in PACAP-induced neurite outgrowth in PC12 cells. Our earlier studies showed that PACAP, as NGF, elicits a rapid stimulation of neurite outgrowth in PC12 cells which becomes visible at 6 h and prominent at 24 and 72 h after the application of the neuropeptide (21) . Therefore, we determined the number of neurites and their length following incubation with PACAP (100 nM) for 6, 24 and 48 h, with or without PS-1145 (10 µM). Although the NF-B inhibitor did not appreciably impair PACAP-induced neurite outgrowth at 6 h ( Fig. 2A) , the drug significantly reduced this process after 24 and 48 h of treatment ( Fig. 2A and 2B ), indicating that NF-B is involved in neurite formation in response to PACAP stimulation. Similarly, treatment with PS-1145 for 24 and 48 h altered neurite length ( Fig. 2C ), implying that NF-B also contributes to neuritic extension induced by PACAP.
PACAP and tumor necrosis factor-α (TNF-α) differentially regulate NF-B subunit expression and nuclear translocationAs a first approach to determine which NF-B subunits are involved in PACAP trophic actions in PC12 cells, we evaluated the effect of the neuropeptide (100 nM) on RelA, c-Rel, p50 and p52 gene expression in comparison to the effect of TNF-α (10 nM), a cytokine known to activate NF-B signaling but unable to induce PC12 cell differentiation. Quantitative PCR analysis revealed that PACAP, like TNF-α, is able to stimulate NF-B subunit gene expression and that the two molecules acted either similarly or differently depending on the subunit (Fig. 3 ). PACAP induced a transient increase in c-Rel gene expression observed at 2 h of treatment, but had no effect on RelA mRNA levels ( Fig. 3A and C). Inversely, TNF-α was ineffective on c-Rel but stimulated RelA gene expression ( Fig. 3B and D) . Both PACAP and TNF- increased the mRNA levels of p50 and p52 subunits ( Fig. 3E-H) , albeit with different kinetics of stimulation. Thus, TNF-α elicited a persistent increase in p50 and p52 gene expression from 2 to 48 h which reached a peak value after 6 h of treatment ( Fig. 3F and H) , while PACAP exerted a transient stimulation of gene expression observed at 2 and 6 h of treatment ( Fig. 3E and G). To determine whether the protein products of NF-B subunit genes were also regulated by PACAP and whether this neuropeptide could affect their subcellular localization, we analyzed by immunofluorescence cytochemistry the cytoplasmic and nuclear occurrence of RelA, RelB, c-Rel, p50 and p52 subunits in PC12 cells. The effects of PACAP were compared to those of TNF-α ( Fig. 4 ) in order to gain insight in the specific subunit complexes that may underlie the trophic activities of the neuropeptide. Consistent with the pro-survival effect of NF-B in neuronal cells, several subunits including RelB, c-Rel, p50 and p52 were constitutively expressed in the nucleus of PC12 cells ( Fig. 4A and C-F). However, PACAP significantly increased c-Rel and p52 subunit levels in the cytoplasm and nucleus (Fig. 4A , D and F), but slightly decreased those of RelB and p50 in both compartments after 2 h of treatment ( Fig. 4A , C and E). Finally, both PACAP and TNF-α induced a small increase in cytoplasmic RelA, while only TNF-α increased RelA levels in the nucleus ( Fig. 4A and B ). Because Rel subunits hold the transactivation domain that ultimately regulates target genes, we performed a Western blot analysis of these subunits in nuclear and cytoplasmic preparations obtained by fractionation of treated and untreated PC12 cells in order to confirm the previous data obtained by immunofluorescence cytochemistry. This Western blot analysis confirmed the stimulatory effect of PACAP and TNF-α on RelA subunit in the cytoplasm and the nucleus, respectively, but little or no appreciable effect of PACAP and TNF-α on RelB subunit could be observed ( Fig.  4G ). Unfortunately, using four antibodies obtained from different suppliers, we were unable to detect a common c-Rel specific band (inhibited by siRNA) in Western blot analysis (data not shown), suggesting that c-Rel antibodies are suitable for immunocytochemistry but not Western blot analysis of PC12 cell fractions. Overall, the data obtained by quantitative PCR, and immunofluorescence cytochemistry analyses suggest that the neurotrophic effects of PACAP could be mediated by c-Rel and p52 whose gene expression and protein translocation to the nucleus were stimulated by the peptide after 2 h of treatment.
PACAP-induced pro-survival and prodifferentiating effects rely on c-Rel expressionHaving determined that PACAP exerts specific effects on NF-B subunits, we proceeded with experiments aimed at examining the involvement of these subunits in its trophic activities. Because c-Rel subunit was selectively and appreciably stimulated by PACAP and not by TNF-α, and displays a transactivation domain by guest on May 3, 2016 http://www.jbc.org/ Downloaded from allowing it to stimulate target gene expression, we sought to determine c-Rel implication in PACAP-induced neuronal survival and differentiation. We compared the role of c-Rel to that of RelA whose expression and translocation were not significantly altered by PACAP. We first determined that siRNA inhibition leads to 61 and 54% decrease in c-Rel and RelA mRNA levels, respectively, in PC12 cells ( Fig. 5A and  B) . The efficiency of siRNA-induced knockdown was confirmed by analysis of the target protein by immunofluorescence cytochemistry (Fig. 5C and D) and by Western blot analysis for RelA siRNA (Fig. 5E ). We found that PACAP-promoted PC12 cell viability is abolished when c-Rel, but not RelA, expression was inhibited by siRNA ( Fig. 6) . In contrast, control siRNA exerted no effect on PACAP-elicited increase in cell number (Fig. 6) .
To determine whether c-Rel was also required for PACAP-induced neuritogenesis, we counted the number of neurites and measured their length after treatment with c-Rel or RelA siRNA. Fig. 7 shows that c-Rel, but not RelA, silencing significantly reduced the formation of neuritic processes, indicating that the NF-B subunit also plays a role in the neuritogenic effect triggered by PACAP in PC12 cells.
PACAP stimulates c-Rel activity via ERK1/2 kinases and Ca 2+ mobilizationIn sympathetic neurons including the sympathetic-like PC12 cells, PACAP exerts its actions through its PAC1 receptor coupled to Gs and Gq signaling proteins, which in turn activate multiple pathways including stimulation of several protein kinases and mobilization of Ca 2+ (10, 25) . In particular, MEK-dependent activation of the ERK1/2 MAP kinases and phosphatidyl inositol 3-kinase (PI3K) play prominent roles in the neurotrophic effects exerted by PACAP in PC12 cells (26, 27) . Likewise, PKA and protein kinase C (PKC) have also been shown to play important roles in mediating PACAP actions in different neuronal cells (10, 28, 29) . In an attempt to link these major signaling cascades engaged in the neurotrophic effects of PACAP to the activation of the NF-B subunit c-Rel, we first used the MEK1/2 inhibitor, U0126 and the MEK1 inhibitor, PD98059, to investigate the involvement of ERK1/2 in this process. Exposure of PC12 cells to the MEK inhibitors U0126 (10 µM) and PD98059 (50 µM) abrogated the PACAP-stimulated c-Rel nuclear translocation (Fig. 8) . Likewise, the nonselective Ca 2+ channel blocker NiCl 2 (3 mM) and the extracellular Ca 2+ chelator EGTA (300 M) also impaired the PACAP-stimulated c-Rel nuclear translocation ( Fig. 9 ). In contrast, the PKC inhibitor, chelerythrine and the PI3K inhibitor, wortmannin did not interfere with the PACAP effect ( Fig. 10) . These data suggest that PACAP stimulates NF-B c-Rel subunit activity by inducing ERK1/2 activation and Ca 2+ entry into the cell, but not via PKC or PI3K activation.
We next tested the effect of the inhibitors of MEK activity and Ca 2+ mobilization on ERK phosphorylation in response to PACAP in order to ascertain that the enzyme is activated prior to c-Rel nuclear translocation in PC12 cells and that Ca 2+ is involved in this effect. As expected, PACAP treatment increased ERK phosphorylation that was prevented by the MEK1/2 inhibitor U0126 and the MEK1 inhibitor PD98059 (Fig. 11 ).
In addition, treatment with NiCl 2 induced a decrease in PACAP-stimulated ERK phosphorylation ( Fig.  11 ). Taken together, these data indicate that PACAP stimulates c-Rel activity via MEK-and Ca 2+ -dependent ERK activation.
PACAP induces p100 processingTo activate PACAP target genes during PC12 cell differentiation, c-Rel can either homodimerize or heterodimerize with another NF-B partner. These two possibilities are not mutually exclusive depending on the target gene and the DNA binding sequence in their promoters (30) . Since PACAP stimulated p52 expression and nuclear translocation (see above, Fig. 3G and Fig. 4A and F) , it is possible that this NF-B subunit could also be involved, in combination with c-Rel, in the trophic effects of the neuropeptide. The p52 protein is synthesized as a cytoplasmic precursor p100 which is proteolytically processed in a signal-dependent manner to yield the active p52 transcription regulator (31) . To further support a role of p52 subunit in conjunction with c-Rel in PACAPinduced trophic activities, we analyzed by Western blotting the processing of the p100 protein into p52 after treatment of PC12 cells by the neuropeptide. PACAP strongly stimulated p100 processing into p52, as the ratio p52/p100 was increased by approximately 8 fold in PACAP-treated cells ( Fig. 12 ), suggesting that stimulation of NF-B pathway by PACAP implicates p52 activation through p100 processing.
DISCUSSION
Although the neurotrophic attributes of PACAP through its G protein-coupled PAC1 receptor and the associated complex downstream signaling pathways have been extensively studied, the unifying or diverging transcriptional mechanisms and factors required to ultimately elicit these neurotrophic responses are not well delineated. The PC12 cell line has been widely used to investigate the neurotrophic effects of PACAP and their underlying molecular events, and thus represents a suitable model to decipher the role of genes regulated by this neuropeptide and potentially implicated in neuronal cell differentiation (23) . The major finding of the present study is the implication of NF-B signaling pathway in PACAP-induced neuritogenic and neuroprotective activities in PC12 cells, most likely by recruiting c-Rel/p52 dimers via activation of Ca 2+ signaling and ERK1/2 MAP kinases.
The importance of NF-B signaling pathways to central and peripheral neuron survival and neurite process formation has been well established using in vivo and in vitro models (18, 32) . In the present study, we confirmed that constitutive activation of the NF-B pathway plays an important role in PC12 cell survival, and found that PACAP also required this pathway to exert its pro-survival action. The anti-apoptotic effect promoted by the NF-B pathway in response to PACAP involved caspase 3/7 inhibition, presumably as a result of the stimulation of the expression of genes encoding survival factors like B-cell lymphoma 2 (Bcl-2) which has been shown to be activated by the neuropeptide (33, 34) . Likewise, NF-B pathway activation was necessary for neurite outgrowth since PS-1145 reduced both the number of neurites per cell and the neurite length observed in the presence of PACAP. However, the gene targets that could be stimulated by the neuropeptide in a NF-Bdependent manner to trigger neuritogenesis remain to be identified. Overall, these data add the neuropeptide PACAP to the list of neurotrophins involving the NF-B pathway to induce neuronal differentiation.
The pro-inflammatory cytokine TNF-α is known to activate NF-B signaling pathway (35) , but unlike PACAP or NGF, it induces apoptotic cell death thanks to the death domain of TNF-α receptor 1 which is expressed in PC12 cells (36) . In fact, NF-B acts as an autoregulator of TNF-α-induced cell death since the transcription factor reduces apoptosis provoked by the cytokine (37) . Similarly, TNF-α unlike PACAP or NGF, does not induce neurite outgrowth in PC12 cells. Comparison of the effects of PACAP and TNF-α on NF-B subunit mRNA expression showed that PACAP specifically stimulates c-Rel subunit gene expression while TNF-α specifically increases RelA subunit gene expression, suggesting that the trophic effects of PACAP could be mediated by c-Rel expression and that the opposing effects of PACAP and TNF-α could be explained by the differential activation of NF-B subunits. Both PACAP and TNF-α increased p50 and p52 subunit gene expression, suggesting that these subunits are not responsible for PACAP specific effects. This notion is consistent with the fact that p50 and p52 do not display a transactivation domain, and therefore only act as transcription regulators when associated with RelA, RelB or c-Rel (38, 39) . Selective activation of NF-B subunits by PACAP and TNF-α was confirmed by analysis of their nuclear translocation which revealed that: (i) all NF-B subunits are constitutively present in the nucleus of PC12 cells except RelA which exhibited a very low nuclear levels, (ii) PACAP increased c-Rel and p52 nuclear localization while TNF-α robustly augmented nuclear RelA amounts, and finally (iii) PACAP seems to diminish RelB and p50 nuclear translocation. Some discrepancies were observed for the effects of PACAP or TNF- on NF-B mRNA and protein levels ( Fig. 3 and 4) , which could be ascribed to different kinetics of stimulation at the posttranscriptional and translational levels, and to posttranslational regulations that may affect protein levels. Nevertheless, the data clearly show that PACAP selectively and differentially modulates the nuclear translocation of some subunits to promote its pro-survival and neuritogenic activities. The fact that PACAP selectively increased c-Rel and p52 expression and nuclear translocation suggests that these two subunits could support as c-Rel/p52 dimers the transcriptional activity of NF-B underlying the trophic effects of the neuropeptide. In fact, our experiments confirmed that c-Rel nuclear translocation mediates PACAP-induced NF-B specific activities during PC12 cell differentiation since c-Rel, but not RelA, silencing impaired the trophic effects of the neuropeptide. These observations are consistent with the data reported by Azotei et al. (40) showing that PC12 cells stably expressing c-Rel spontaneously extend neurites while RelA expressing cells do not. Thus, under PACAP action, activation of c-Rel/p52 dimers could stimulate expression of anti-apoptotic and prodifferentiating genes, while inhibition of RelB/p50 activity may allow the repression of genes that could inhibit neurite outgrowth and cell survival. In accordance, expression of genes involved in cell survival, like the anti-apoptotic proteins Bcl-xL and Bcl-2, is known to be activated by both c-Rel (41) (42) (43) and PACAP (33, 34, 44) , but targets of RelB/p50 in PC12 cells remain to be identified. In the nervous system, PACAP exerts its trophic effects mainly through its capacity to stimulate cAMP production and Ca 2+ mobilization (11) , which recruit different signaling cascades in order to induce cell growth arrest, to promote neurite outgrowth and to inhibit apoptotic cell death. Using the IKK blocker PS-1145, we showed that NF-B pathway could be activated by PACAP to convey anti-apoptotic and neuritogenic effects, raising the possibility that cAMP and/or Ca 2+dependent signaling mechanisms activated by the neuropeptide elicit different components of neuronal differentiation in PC12 cells by recruiting IKK/NF-B cascade. There is a wealth of literature available on cAMPregulating agents that exert anti-inflammatory effects in the immune system by modulating NF-B activity (45), but evidence is lacking for the involvement of this transcription factor in the neurotrophic effects exerted by cAMPmodulating cues such as PACAP. Although the link between cAMP elevation and NF-B pathway remains to be fully delineated, the requirement for ERK1/2 activity to stimulate c-Rel translocation to the nucleus as observed in the present study suggests that these MAP kinases most likely represent the link between cAMP production and the activation of NF-B in response to PACAP. Indeed, several reports have shown that, in PC12 cells, PACAP-elicited cAMP increase triggers ERK1/2 phosphorylation, leading to neuronal differentiation (26, 46) . Similarly, PACAPinduced mobilization of Ca 2+ has also been linked to ERK1/2 activation (47) , as also found in the present study, which again would link this second messenger to NF-B stimulation in PC12 cells, in accordance with other studies performed in different cell types showing interactions between Ca 2+ and ERK1/2 (48) or Ca 2+ and NF-B (49) .
Analysis of the processing of p100 subunit gene product revealed that PACAP significantly increases p52/p100 protein ratio, implying that the neuropeptide controls p100 maturation into p52 in addition to the regulation of its gene expression and nuclear translocation. The processing of p52 has been associated with a particular NF-B signaling pathway called NF-B alternative pathway (50) . This pathway is initiated by p100 processing by the NF-Binducing kinase (NIK) in a manner dependent on IKK1 (51-53 and Fig. 13 ). However, c-Rel/p52 activation is not only induced by NIK/IKK1 but occurs at the intersection between the alternative pathway and the classical IB-involving pathway (54 and Fig. 13 ). In fact, c-Rel/p52 dimers produced by NIK/IKK1 are maintained as a pool in the cytoplasm by the IB protein and are liberated by IKK2 allowing nuclear translocation (54) . It has been shown that constitutive activation of NIK is able to stimulate survival and neurite outgrowth in PC12 cells (55) but only IKK2 and not IKK1 is able to induce neuritogenesis (40) . These observations suggest that PACAP could activate NIK and IKK1/2 as key kinases to ensure c-Rel/p52 translocation and neuronal differentiation. This effect of PACAP could be linked to ERK1/2 kinases which have been shown to be activated by NIK (55) .
In summary, our results show that PACAP exerts its trophic effects in neuronal cells through classical and alternative NF-B pathways involving ERK1/2 activation and presumably c-Rel/p52 NF-B dimers. These data unveil the important role of NF-B in PACAP signaling, which likely contributes to the neurodevelopmental effects of the neuropeptide and its beneficial actions in neuropathological conditions such as ischemia and neurodegenerative diseases.
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